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A cobalt complex [{Co(dpqa)}2(dhbq)](PF6)3 (1(PF6)3, dhbq =
deprotonated 2,5-dihydroxy-1,4-benzoquinone, dpqa= di(2-pyridyl-
methyl)-N-(quinolin-2-ylmethyl)amine) was prepared and
studied by X-ray diffraction, electrochemistry, ESR, thermally
and photo-induced magnetic measurements; the results show that
the ancillary ligand finely tuned structural factors as well as
intermolecular interactions that affect the VT behavior.
Valence tautomeric (VT) complexes refer to those undergoing
intramolecular metal–ligand electron transfer accompanying
instantaneous spin-crossover, thus existing in chemically dif-
ferent electronic isomers and behaving as bistable molecules1
in which the energy gaps between two redox-active centers, a
metal ion and an electroactive ligand, happen to be appro-
priate to permit simultaneous electron transfer and spin-cross-
over.2 This electronic conversion process is temperature-
dependent and entropy-driven and usually controllable via
external physical parameters, e.g. light or pressure.3 Chal-
lenges in this system involve photoinduced VT conversion,
metastable state trapping and broad hysteresis,4 which are
essential to practical application of VT molecules, and the past
two decades have witnessed great progress in this field.5
Though much effort has been made to study the VT com-
plexes, basic factors that experimentally affect intramolecular
electron transfer are not yet clear. Pierpont and co-workers
found that VT transitions in the [Co(N–N)(Q)2] system could
be mainly influenced by the N-donors and the flexibility of the
chelate rings of N–N ancillary ligands,6 while Dei and co-
workers found that in the [ML(diox)]Y(solvent) system,
different counterions Y and solvent molecules could also
influence the transition temperature.7 Thus, more examples
are desirable for understanding possible factors that influence
valence tautomerism. Recently we reported a complex
[{Co(tpa)}2(dhbq)](PF6)3 (tpa = tris(2-pyridylmethyl)amine),
which exhibited an abrupt VT transition with distinct hyster-
esis around room temperature,8 and this prompted us to
pursue our studies on VT complexes with more intriguing
properties and hope to find out the essential factors that affect
VT behavior and photoinduced processes. Here we report the
synthesis, structure and properties of a new dinuclear valence
tautomeric complex [{Co(dpqa)}2(dhbq)](PF6)3 (1(PF6)3).
Block dark-red crystals of complex 1(PF6)3 were synthesized
via one-electron oxidation of [{Co(dpqa)}2(dhbq)](PF6)2 that
was prepared from the precursor [CoCl(dpqa)]PF60.5H2O.z
X-Ray diffraction study at 93 K reveals that 1(PF6)3 crystal-
lizes in the orthorhombic space group Pccn, and the molecular
cation is located on a crystallographic center of symmetry (Fig.
1(a)).y 13+ comprises two ancillary polyamine-chelated Co
atoms that are linked by a dhbq bridge, with each Co ion in
distorted octahedral geometry, coordinated by two oxygen
atoms from dhbq and four nitrogen atoms from dpqa, respec-
tively. The average Co–O and Co–N distances are 1.902 and
1.957 Å in accordance with the typical lengths of low-spin (ls)
CoIII–O9 and CoIII–N,10 respectively, indicating that the two
cobalt ions are CoIII. It is of note that both Co–O and Co–N
distances are a little longer than those in [{Co(tpa)}2-
(dhbq)](PF6)3 due to the larger steric hindrance of the quinoline
group of dpqa.8 The C–O1 and C–O2 distances are 1.296(7) and
1.315(6) Å, respectively, which lie between the values of coordi-
nated benzosemiquinonate (1.29 Å) and catecholate (1.35 Å)
ligands,11 indicating the dhbq ligand is a dhbq3 radical,
though not as conjugated as that in [{Co(tpa)}2(dhbq)](PF6)3.
8
The intramolecular Co  Co distance is 7.521(1) Å, near to
those in [{Co(tpa)}2(dhbq)](PF6)3 (7.497(1) Å) and
[{CoIII(tpa)2(CA
3)](BF4)34MeCN (CA = chloranilate)
(7.470(1) Å).12 Thus, from the structural point of view, 13+
can be assigned to [(dpqa)CoIII–dhbq3–CoIII(dpqa)]3+.
In the solid state, 1(PF6)3 features a three-dimensional structure
(Fig. S1, ESIw) that is formed with alternating layers of 13+ and
counterions, and the layer is characterized by extended networks
with C–H  p and p  p interactions (Fig. 1(b)). In the two-
dimensional network, the C–H  pdhbq interaction (3.693 Å)
comes from the 3-position of pyridyl group and dhbq ligand,
and the C–H  ppy interaction is somewhat weaker (4.089 Å). The
distances between pyridyl and pyridyl groups (centroid  
centroid) of ppy  ppy interactions are 4.172 and 4.601 Å, respec-
tively, and an additional ppy  pbenzene interaction (3.842 Å) is
found to be stronger than the other p  p interactions.
The CV of 1(PF6)3 exhibits three reduction waves (Fig. S2,
ESIw) at 0.379, 0.02 and 0.856 V vs. SCE, close to those of
[{CoIII(tpa)}2(CA
3)](BF4)34MeCN.12 The former two could
be assigned to successive one-electron reductions of CoIII, and the
last one as a two-electron reduction of the dhbq ligand. The
reactions in the redox process are expressed by the redox couples
of 13+/12+, 12+/1+ and 1+/1.11,12 [{Co(tpa)}2(dhbq)](PF6)3
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was also studied and three waves appeared at 0.278, 0.05 and
0.895 V, indicating that the one-electron oxidation from 12+ to
13+ would be more difficult than that from [{Co(tpa)}2(dhbq)]
2+
to [{Co(tpa)}2(dhbq)]
3+. The second reductions in both com-
plexes are nearly irreversible, the reasons are not yet clear.
ESR spectra were measured from 100 to 300 K (Fig. S3,
ESIw). The strong signal at g=2.00 at 100K decreases gradually
with increasing temperature, which represents the fraction of
dhbq3 radical formed via electron transfer from hs-CoII (hs =
high spin) to dhbq2 at low temperature, decreases when
temperature increases due to the occurrence of reverse electron
transfer from dhbq3 to ls-CoIII, as in a CoIII-semiquinonate
complex.6a The radical signal disappears at room temperature,
implying complete VT conversion at this temperature.
The wMT vs. T plots of 1(PF6)3 are shown in Fig. 2. In the
whole temperature range (Fig. 2, bottom inset), the VT inter-
conversion resembles that of [Co(cth)2(dhbq)](PF6)3,
13 that is, the
CoIII(ls)–dhbq3–CoIII(ls) 2 CoIII(ls)–dhbq2–CoII(hs) inter-
conversion would be nearly complete. This can be confirmed
from the room- and low-temperature wMT values; the wMT value
at 300 K reached a saturated value of 2.30 cm3 K mol1,
similar to those of other VT complexes,6c higher than that of
[{Co(tpa)}2(dhbq)](PF6)3 but a little lower than that of a normal
hs-CoII ion at room temperature. At 5 K, the wMT value of 0.609
cm3 mol1 K is higher than that of a single S= 1/2 semiquinone
ligand, which may be due to a paramagnetic impurity. The VT
transitions occur at T1/2m = 171 K and T1/2k = 168 K,
respectively, with almost negligible hysteresis (3 K).
Photo-induced VT transition behavior is shown in Fig. 2 (top
inset). After illumination with 532 nm light for 30 min at 5 K, the
wMT value increased from 0.60 to 0.96 cm
3 K mol1 to achieve
almost saturation value, featuring apparent electron transfer
from dhbq3 radical to ls-CoIII ion. The efficiency of photo-
induced excitation is about 25%, higher than its tpa analogue.8
When the light was switched off and the sample was heated at
1 K min1, it was interesting to find that the wMT value increased
gently to 1.01 cm3 K mol1 at about 10 K, remained almost
unchanged from 10 to 23 K, and then gradually decreased to
recover to the thermally controlled value at about 97 K, which
indicates that the conversion of CoIII(ls)–dhbq3–CoIII(ls) 2
CoIII(ls)–dhbq2–CoII(hs) is photoswitchable. The upsurge of
wMT value after illumination at 10 K is mostly ascribed to the
zero field splitting effect of the S = 3/2 hs-CoII ions.14 Here, it is
worth noting that the existence of a platform in the wMT vs. T
plots implies the light-induced excited state would be to some
extent stable at low temperature, as for the LIEEST phenomena
found in spin-crossover complexes,15 which reveals that the dpqa
ligand should be more suitable to trap the excited state than tpa
ligand, thus presenting longer relaxation time.
To further investigate the photo-induced excited state species,
the temperature-dependent hs - ls relaxation of the converted
high-spin fraction after irradiation was studied and shown in
Fig. 3 (from 10 to 70 K), the molar fraction of metastable species
was deduced from the equation16 g(t) = [(M(t)  M0)/(M(0) 
M0)]  100%, whereM(t) is the magnetization measured at time
t after illumination, M(0) is the magnetization measured at time
zero once the light was switched off and M0 is the magnetization
value before illumination. It is found that below 30 K the photo-
excited metastable species persists at a level of 90% after 360 min.
The shape of the relaxation curve is satisfied with the typical
character of VT relaxation, and the relaxation rate constants
were calculated by fitting the data with function g(t) =
g0exp((KVT(T)t))b, where g0 is the converted molar fraction at
t = 0, KVT(T) is the rate constant of VT relaxation at tempera-
ture T, t is the relaxation time and b is a parameter varying from
0 to 1 accounting for the distribution of relaxation times. When
b= 0.5, the data could be well fitted to give relaxation constants
KVT(T) for each temperature (Table S1, ESIw). At 70 K, the hs-
ls relaxation corresponds to ca. 40% and KVT(T) equals to 4.3 
105 s1, which is larger than that at low temperature. Fig. S4,
ESIw presents the ln[KVT(T)] vs. 1/T plot, from 5 to 20 K, that
gives an almost straight line with near-zero slope, from which a
temperature independent pre-exponential factor K0VT = 6.00 
107 s1 could be obtained. The thermally activated relaxation
behavior obeying the Arrhenius law could be observed from 30 to
70 K, where the lnKVT(T) and 1/T plots feature a linear
Fig. 1 (a) ORTEP drawing of the structure of 13+ at 35% probability
with atom labels. (b) Two-dimensional network of 13+ showing
intermolecular interactions.
Fig. 2 wMT vs. T plots of 1(PF6)3 showing thermal hysteresis and
photo-induced magnetization (top inset).





























































relationship that gives a thermal activation factor K0VT = 1.12 
103 s1 and activation energy Ea = 134.77 cm
1.
At low temperature, theK0VT value is much smaller than that of
[Co2(cth)2(dhbq)](PF6)3 (1.7  104 s1),13 and the activation
energy Ea is also lower than the expected value determined by the
cobalt–oxygen fully symmetric breathing mode.17 As hypo-
thesized for the low activation energy Ea at low temperature,
the phonon lattice vibration modes18 may affect the relaxation
mechanism by coupling with the ground level vibration mode to
determine the tunneling, thus the relaxation time of the photo-
induced metastable could be prolonged by increasing the inter-
molecular interactions. From this point of view, p–p and
C–H  p interactions in 1(PF6)3 would chemically influence the
relaxation processes of the metastable species, giving much longer
relaxation times than [{Co(tpa)}2(dhbq)](PF6)3 (Fig. S5, ESIw)
and other VT complexes.16,19
In conclusion, we have realized thermal and photo-induced
VT interconversion in a new complex, whose temperature
region holding the metastable species could be chemically
enlarged by cooperative intermolecular interactions. The re-
laxation kinetics of the photo-induced metastable state was
characterized by using a first-order stretched exponential
decay law to account for the extra long relaxation time.
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